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(57) ABSTRACT

A configurable battery system may be arranged in such a
way that two battery modules are connected in parallel to
achieve a target maximum voltage for a load, or in series to
achieve a high voltage of about double the target maximum
voltage. Fast charging, at high voltage, may allow both
battery modules to be charged at a charging current near a
desired maximum current at the battery charger. A battery

Int. CL management module determines a switch configuration,
B6OL 11/18 (2006.01) coupling the battery modules in series or parallel. The
H02J 7/00 (2006.01) battery management module applies the switch configura-
HOIM 2/30 (2006.01) tion to one or more switches to manage charging of the
HOIM 2/20 (2006.01) battery modules. The battery management module may
HOIM 2/10 (2006.01) receive charger capability information, local charging infor-
HOIM 10/42 (2006.01) mation, and fault information to aid in determining a switch
HOIM 10/44 (2006.01) configuration.
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CONFIGURABLE BATTERY PACK FOR
FAST CHARGE

[0001] The present disclosure is directed to a configurable
battery that provides improved charging and operation. This
application claims the benefit of U.S. Provisional Patent
Application No. 62/578,500 filed Oct. 29, 2017, the disclo-
sure of which is hereby incorporated by reference herein in
its entirety.

BACKGROUND

[0002] Battery chargers and their accompanying electrical
components (e.g., cables and charge inlet) typically have
current restrictions. To achieve more charging current for a
battery charger (e.g., during a fast charge), large DC fast
charge cables are usually required. Battery chargers also
typically have a maximum limit in supply voltage. For
example, SAE J1772 targets 900V and 400 A for the
maximum output of a typical DC fast charger for electric
vehicles. In order to increase the charging rate, the current-
carrying capacity of electronics, components and leads typi-
cally need to be increased to handle larger currents, as does
the heat removal capacity. For example, ohmic heating
increases as the square of current. Accordingly, it would be
advantageous to increase the charging rate without the need
for larger current rated components.

[0003] In addition, battery operated devices (e.g., electric
vehicles) typically use components (e.g., AC compressor,
PTC heater, drive unit, etc.) that are designed to operate at
a maximum voltage level. Battery operated devices also
typically need to be able to operate while charging. Accord-
ingly, it would be advantageous to increase the charging rate
without increasing the voltage applied to the load of battery
operated devices.

[0004] Battery systems also typically include more than
one battery module. If a fault occurs in a battery module, the
entire battery system likely needs to be disconnected from
the load. Accordingly, it would be advantageous to manage
a fault occurrence in a battery module without having to
disconnect the load or cause a different voltage to be applied
to the load.

SUMMARY

[0005] A configurable battery system according to the
present disclosure includes a first battery module and a
second battery module, in which each battery module
includes a positive terminal and a negative terminal. The
configurable battery system also includes at least one switch
having at least two poles. In a high voltage configuration of
the at least one switch, the first battery module and the
second battery module are connected in series. In a low
voltage configuration of the at least one switch, the first
battery module and the second battery module are connected
in parallel.

[0006] In some embodiments, the at least one switch
includes a first single pole double throw (SPDT) switch and
second SPDT switch. In the high voltage configuration, the
first SPDT switch and the second SPDT switch are each in
a first switch position, thereby connecting the positive
terminal of the first battery module to the negative terminal
of the second battery module. In the low voltage configu-
ration, the first SPDT switch is in a second switch position,
thereby connecting the negative terminal of the first battery
module to the negative terminal of the second battery
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module. Further, in the low voltage configuration, the sec-
ond SPDT switch is in a second switch position, thereby
connecting the positive terminal of the first battery module
to the positive terminal of the second battery module.
[0007] In some embodiments, the at least one switch
includes two single pole single throw (SPST) switches. In
the high voltage configuration, a first of the two SPST
switches is in an off position, and a second of the two SPST
switches is in an on position, thereby connecting the positive
terminal of the first battery module to the negative terminal
of the second battery module. In the low voltage configu-
ration, the first of the two SPST switches is in an on position,
thereby connecting the negative terminal of the first battery
module to the negative terminal of the second battery
module, and the second of the two SPST switches is in an off
position.

[0008] In some embodiments, the configurable battery
system includes at least one charger switch configured to
connect and disconnect the first and second battery modules
to a charger. For example, the at least one charger switch
may include a SPST contactor for connecting and discon-
necting the charger.

[0009] Insome embodiments, in the high voltage configu-
ration, a positive terminal of a device load is connected to
the positive terminal of the first battery module, and a
negative terminal of the device load is connected the nega-
tive terminal of the first battery module. For example, the
device load may include any system or subsystem of an
electric vehicle.

[0010] In some embodiments, the configurable battery
system includes at least one load switch having at least two
poles. In the high voltage configuration, when the at least
one load switch is set to a first switch position or positions,
a positive terminal of a device load is connected to the
positive terminal of the first battery module, and a negative
terminal of the device load is connected to the negative
terminal of the first battery module. Further, in the high
voltage configuration, when the at least one load switch is
set to a second switch position or positions, the positive
terminal of the device load is connected to the positive
terminal of the second battery module, and the negative
terminal of the device load is connected to the negative
terminal of the first battery module.

[0011] In some embodiments, the configurable battery
system includes control circuitry configured to, when in the
high voltage configuration, set the position of at least one
load switch based on status information of the first battery
module, the second battery module, or both.

[0012] In some embodiments, the configurable battery
system is configured for use in an electric vehicle, and in the
high voltage configuration, the configurable battery charging
system is configured to receive a charging voltage of 900
volts (V). In some embodiments, in the charging configu-
ration, the configurable battery charging system is config-
ured to provide a voltage of 450 V to components of the
electric vehicle. In some embodiments, the configurable
battery system includes a battery management module con-
figured to select between the low voltage configuration and
the high voltage configuration.

[0013] Insome embodiments, a battery management mod-
ule manages battery charging of a first battery module and
a second battery module that are coupled in series. The
battery management module uses at least one switch in a first
switch configuration to couple an electric load in parallel to
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the first battery module during charging. The battery man-
agement module determines a first battery characteristic of
the first battery module and a second battery characteristic of
the second battery module during charging. The battery
management module determines to apply a second switch
configuration to the at least one switch based on the first
battery characteristic and the second battery characteristic.
The second switch configuration couples the electric load in
parallel to the second battery module during charging. The
battery management module applies the second switch con-
figuration to the at least one switch.

[0014] In some embodiments, the first battery character-
istic includes a first voltage across a positive terminal and a
negative terminal of the first battery module, and the second
battery characteristic includes a second voltage across a
positive terminal and a negative terminal of the second
battery module. In some embodiments, a battery manage-
ment module determines to apply the second switch con-
figuration to the at least one switch based on a difference
between the first voltage and the second voltage.

[0015] In some embodiments, the first battery character-
istic includes a first cumulative time of the first battery
module being coupled to the electric load, and the second
battery characteristic includes a second cumulative time of
the second battery module being coupled to the electric load.
For example, a cumulative time of a battery being coupled
to an electric load may provide a convenient way of using
battery modules equally during charging. In a further
example, the battery management module determines a
difference between the first cumulative time and the second
cumulative time.

[0016] In some embodiments, the battery management
module determines local charging information, which may
include a preference to charge at high voltage. In some
embodiments, the battery management module determines
to couple the first battery module and the second battery
module in series based at least in part on local charging
information. For example, if the battery charger is capable of
fast charging (e.g., high voltage charging), the battery man-
agement module determines to couple the first and second
battery modules in series.

[0017] In some embodiments, the battery management
module identifies whether a fault has occurred in the first
battery module, the second battery module, or both. In some
such embodiments, the battery management module deter-
mines to apply the second switch configuration to the at least
one switch is further based at least in part on whether the
fault has occurred.

[0018] In some embodiments, the battery management
module applies a pre-charge configuration to the at least one
switch to reduce in-rush current when applying the second
load switch configuration to the at least one switch. For
example, the pre-charge configuration may include connect-
ing a circuit having a capacitor and resistor to reduce the
voltage difference across the at least one switch prior to
changing the position of the at least one switch.

[0019] In some embodiments, the battery management
module determines an elapsed time since a previous change
in a switch configuration. In some such embodiments, the
battery management module determines to apply the second
switch configuration based at least in part on the elapsed
time. For example, if the determined elapsed time is above
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a threshold, the battery management module may determine
to connect the electric load to the other battery module to
balance usage.

[0020] In some embodiments, the battery management
module manages a fault in a battery system, which includes
a plurality of battery modules and at least one switch. The
battery management module identifies a fault occurrence in
a battery module of the plurality of battery modules while
the at least one switch is in a first switch configuration. The
first switch configuration couples the plurality of battery
modules in parallel with each other and with an electric load.
The battery management module determines a second
switch configuration in response to identifying the fault
occurrence, and applies the second switch configuration to
the at least one switch. The second switch configuration
de-couples the battery module having the fault occurrence
from the electric load and couples the remaining one or more
of the plurality of battery modules not having the fault
occurrence to the electric load. Accordingly, the electric load
may, for example, continue to receive power during a fault
occurrence. In some circumstances, the fault occurrence
corresponds to an open circuit within the battery module. In
some circumstances, the fault occurrence corresponds to a
reduced charge capacity of the battery module.

[0021] In some embodiments, the battery management
module manages battery charging of a battery pack, which
includes a first battery module, a second battery module, and
at least one switch. A first switch configuration of the at least
one switch couples the first battery module and the second
battery module in parallel, and a second switch configura-
tion of the at least one switch couples the first battery
module and the second battery module in series. The battery
management module receives capability information from a
battery charging system coupled to the battery pack. The
battery management module determines whether the battery
charging system is capable of fast charging based on the
capability information. The battery management module
applies the second switch configuration to the at least one
switch to perform fast charging in response to determining
that the battery charging system is capable of fast charging.
In some embodiments, capability information includes a
maximum charging current, a maximum charging voltage,
or both.

[0022] In some embodiments, the battery management
module manages battery charging of a battery pack. The
battery management module receives charging system capa-
bility information from a charging system. The battery
management module retrieves local charging information
regarding the battery pack. The battery management module
determines a switch configuration of at least one switch to
connect a first and a second battery module in either series
or parallel, based at least in part on the charging system
capability information and the local charging information.
The battery management module applies the switch con-
figuration to the at least one switch. For example, in some
embodiments, the battery pack is part of an electric vehicle,
and the local charging information comprises a location of
the electric vehicle. In a further example, in some embodi-
ments, receiving local charging information includes receiv-
ing a user input indicating a desired charging mode. In some
embodiments, the charging system capability information
includes a maximum charging voltage the charging system
is capable of applying for charging.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0023] The present disclosure, in accordance with one or
more various embodiments, is described in detail with
reference to the following figures. The drawings are pro-
vided for purposes of illustration only and merely depict
typical or example embodiments. These drawings are pro-
vided to facilitate an understanding of the concepts disclosed
herein and shall not be considered limiting of the breadth,
scope, or applicability of these concepts. It should be noted
that for clarity and ease of illustration these drawings are not
necessarily made to scale.

[0024] FIG. 1 shows a system diagram of an illustrative
battery charger and an illustrative electric vehicle, in accor-
dance with some embodiments of the present disclosure;
[0025] FIG. 2 shows a system diagram of an illustrative
arrangement of battery modules, electrical components, and
subsystems, in accordance with some embodiments of the
present disclosure;

[0026] FIG. 3 shows a system diagram of illustrative
control circuitry, electrical components, and sensors, in
accordance with some embodiments of the present disclo-
sure;

[0027] FIG. 4 shows a system diagram of an illustrative
arrangement of battery modules, electrical components, and
subsystems, during fast charge, in accordance with some
embodiments of the present disclosure;

[0028] FIG. 5 shows a system diagram of an illustrative
arrangement of battery modules, electrical components, and
subsystems, during fast charge, in accordance with some
embodiments of the present disclosure;

[0029] FIG. 6 shows a system diagram of an illustrative
arrangement of battery modules, electrical components, and
subsystems, in accordance with some embodiments of the
present disclosure;

[0030] FIG. 7 shows a system diagram of an illustrative
arrangement of battery modules, electrical components, and
subsystems, during fast charge, in accordance with some
embodiments of the present disclosure;

[0031] FIG. 8 shows a system diagram of an illustrative
arrangement of battery modules, electrical components, and
subsystems, during fast charge, in accordance with some
embodiments of the present disclosure;

[0032] FIG. 9 shows a system diagram of an illustrative
arrangement of battery modules, electrical components, and
subsystems, in accordance with some embodiments of the
present disclosure;

[0033] FIG. 10 shows a system diagram of an illustrative
battery management module for managing battery power
and charging, in accordance with some embodiments of the
present disclosure;

[0034] FIG. 11 is a flowchart of an illustrative process for
managing battery charging, in accordance with some
embodiments of the present disclosure;

[0035] FIG. 12 is a flowchart of an illustrative process for
managing a fault, in accordance with some embodiments of
the present disclosure;

[0036] FIG. 13 is a flowchart of an illustrative process for
managing battery charging based on battery charger capa-
bility information, in accordance with some embodiments of
the present disclosure;

[0037] FIG. 14 is a flowchart of an illustrative process for
managing battery charging, based in part on local charging
information, in accordance with some embodiments of the
present disclosure; and
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[0038] FIG. 15 is a flowchart of an illustrative process for
managing battery charging, in accordance with some
embodiments of the present disclosure.

DETAILED DESCRIPTION

[0039] A configurable battery system according to the
present disclosure, including, for example, an electric-ve-
hicle (EV) battery, may be arranged in such a way that at
least two battery modules are wired in parallel to achieve a
target maximum voltage for an electric load (e.g., 450 V).
For DC fast charging, for example, electrical connections to
these battery modules may be reconfigured such that the
battery modules are wired in series, achieving a high voltage
of double the target maximum voltage (e.g., 900 V for a 450
V target maximum voltage). Fast charging (e.g., high volt-
age charging) may allow both battery modules to be charged
at a charging current near a desired current (e.g., a fixed
maximum) at the charge inlet. The charge inlet may include
any hardware included in the battery charger, the connection
between the battery charger and a battery pack, as well any
hardware used to conduct charging current in the battery
pack, that may carry current during charging. As compared
to low voltage charging (e.g., battery modules wired in
parallel) with the same total maximum current limitation,
the charging current of each battery module would be
nominally halved as compared to fast charging.

[0040] A configurable battery system allows the tech-
niques of the present disclosure to be applied to an electric
vehicle in some embodiments to more fully utilize a battery
charger’s potential. In some embodiments, it is desirable to
achieve a particular charging target. For example, a charging
target of 150 kW at 450 V may require a current of 334 A.
In this illustrative example, components may need to be
sourced to handle up to 400 A continuously to handle the
charging. Such components can be difficult to source, expen-
sive, heavier, or difficult to operate. As mentioned above,
SAE J1772 is targeting 900 V, 400 A for the maximum
output of a typical DC fast charger. If a battery system were
able to take advantage of charging at 900 V, the charging
target of 150 kW could be achieved at just 167 A, which may
allow for more numerous, better quality, or cheaper options
for charging components. For example, a current of 167 A
may allow different hardware to be used than if the current
were nearer to 400 A. In some embodiments, the limitation
in charge rate may be the current that the battery module can
accept.

[0041] In some embodiments, the configurable battery
system of the present disclosure reduces, or eliminates, the
charge inlet hardware as being the primary limiter in charge
rate, and rather makes the battery modules the bottleneck.
For example, as cell chemistry improves and battery cells
(e.g., of a battery module) are able to accommodate higher
currents, the configurable battery system of the present
disclosure may be able to supply the necessary power at the
higher current. Lowering the charging current in a DC fast
charge circuit (e.g., when modules are in series as compared
to parallel) may also reduce, or eliminate, the need for
cooling to be applied to the charging hardware, as well as
reduce the needed size of the DC fast charge cables. For
example, in some circumstances, if battery modules are
charged in parallel, cables with cross sections of between 95
mm?® and 120 mm> may be required. Such cables may be
very large, heavy, stiff, and difficult to package. Also, if
components become available at higher voltages such as, for
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example, at 900V (e.g., for electric vehicles), the battery
modules of a battery pack may be able to be configured to
charge and operate at 900 V for all conditions.

[0042] In view of the foregoing, it is desirable in some
embodiments to achieve faster charging, at higher voltages
(e.g., 900 V for electric vehicles). One solution to achieve
this may be to design the battery load to similarly operate at
higher voltages. If oftf-the-shelf components are not avail-
able for operating at higher voltages, then custom compo-
nents may need to be designed. This can be time consuming
and expensive. The configurable battery system of the
present disclosure provides an improved and simpler solu-
tion that can maximize DC fast charging rates. Such a
configurable battery system provides competitive charging
rates while still enabling the use of off-the-shelf compo-
nents. For example, the configurable battery of the present
disclosure allows for the use of commercially available
450V components for an electric vehicle (e.g., air condi-
tioning (AC) compressor, positive temperature coeflicient
(PTC) heater, a drive unit, a DC-DC converted, and on-
board charger (OBC)) when either a 450V charging source
or a 900 V charging source is used. Additionally, in some
embodiments, the configurable battery system of the present
disclosure may transition seamlessly into a 900V architec-
ture when the market can support it with competitively
priced components.

[0043] FIG. 1 shows a system diagram of charging
arrangement 100, including illustrative battery charger 110
and illustrative electric vehicle 120, in accordance with
some embodiments of the present disclosure. Electric
vehicle 120 includes battery pack 122, which may include
one or more battery modules, and electric vehicle subsys-
tems 130. Electrical vehicle subsystems 130 includes, for
example, rear drive unit 132, front drive unit 134, AC
compressor 136, battery management module 138, HVAC
PTC 140, energy storage system 142, DC-DC converter 144,
on-board charger (OBC) 146, auxiliary systems 148, and
any suitable corresponding equipment.

[0044] In some embodiments, battery management mod-
ule 138 and on-board charger 146 may be combined. For
example, battery management module 138 may be included
in on-board charger 146. In some embodiments, battery
management module 138 and on-board charger 146 may be
partially, or wholly, implemented as separate systems, which
may communicate with each other. For example, on-board
charger 146 may include connectors for interfacing with a
battery charger, and battery management module 138 may
connect charging terminals from on-board charger 146 to
battery pack 122 via one or more controllable switches. In
a further example, battery management module 138 may
include a software package, implemented on processing
equipment of on-board charger 146, which may include
charging hardware (e.g., connections, switches, and sen-
sors).

[0045] In some embodiments, battery management mod-
ule 138 may be configured to manage charging of battery
pack 122, which may include measuring one or more battery
characteristics of battery pack 122, changing a configuration
of one or more switches, identifying if a fault has occurred,
providing power to one or more of electric vehicle subsys-
tems 130 (e.g., rear drive unit 132), communicating with
battery charger 110, any other suitable actions, or any
combination thereof. Battery management module 138 may
be coupled to battery pack 122 via coupling 154. Accord-
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ingly, battery management module 138 may include, for
example, electrical components (e.g., switches, bus bars,
resistors, capacitors), control circuitry (e.g., for controlling
suitable electrical components), and measurement equip-
ment (e.g., to measure voltage, current, impedance, fre-
quency, temperature, or another parameter).

[0046] In some embodiments, electric vehicle 120 may be
plugged, or otherwise connected to, battery charger 110 via
couplings 150 and 152. For example, a single cable (e.g.,
having a SAE J1772 charging plug), having more than one
conductor of suitable gauge, may be used to couple battery
charger 110 to electric vehicle 120. The single cable may
include conductors for carrying charging current (e.g., cou-
pling 150) and conductors for transmitting information (e.g.,
coupling 152). It will be understood that any suitable
arrangement of leads may be used in accordance with the
present disclosure. For example, in some embodiments,
coupling 152 may include both charging leads and informa-
tion leads, and arrangement 100 need not include coupling
150.

[0047] Battery charger 110 may be coupled to a power
transmission grid as a power source, and may be configured
to provide charging current at a suitable charging voltage to
battery pack 122 of electric vehicle 120. In some embodi-
ments, battery charger 110 may be capable of charging a
battery pack (e.g., battery pack 122) at one or more voltages,
with one or more current limitations. For example, battery
charger 110 may, in accordance with SAE J1772, be con-
figured to provide 400 A at 900 V for charging. In a further
example, battery charger 110 may receive information from
electric vehicle subsystems 130 (e.g., on-board charger 146
via coupling 152) describing what voltage, current, or both,
electric vehicle 120 may be charged with. To illustrate,
battery charger 110 may be capable of charging electric
vehicle 120 at either 450 V (e.g., slow charge) or 900V (e.g.,
fast charge), and may provide one of these voltages based on
communication with electric vehicle 120. Battery charger
110 may provide a charging current that is limited by one or
more constraints. For example, electric vehicle 120 may
communicate to battery charger 110 what charging current is
desired for charging. In a further example, a cable type (e.g.,
coupling 150) may have a maximum associated current
capacity based on insulation and heat transfer consider-
ations.

[0048] In some embodiments, electric vehicle subsystems
130 may be configured to operate at one or more load
voltages. For example, battery management module 138
may manage the provision of electric power at 450 V to
other subsystems of electric vehicle subsystems 130. In a
further example, DC-DC converter 144 may provide 12 V
(e.g., converted from a voltage of battery pack 122) to one
or more components of electric vehicle 120.

[0049] In some embodiments, battery pack 122 includes
two or more battery modules, each have having an associ-
ated voltage. Battery pack 122 may include bus bars (e.g.,
for connecting terminals of battery modules, pre-charge
circuits or measurements), switches (e.g., contactors for
opening and closing battery connections), sensors (e.g., for
sensing temperature, voltage, current, impedance, or other
parameters), any other suitable components, or any suitable
combination thereof.

[0050] While in a charging configuration, at least some of
electric vehicle subsystems 130 may operate, or otherwise
draw power (i.e., be a device load). Battery management
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module 138 may be configured to manage providing power
to subsystems of electric vehicle systems 130, while battery
charger 110 is connected (e.g., via coupling s 150 and 152)
and providing charging current at a suitable voltage. Accord-
ingly, battery management module 138 may be configured to
provide power to subsystems during low voltage charging
(e.g., slow charging) or high voltage charging (e.g., fast
charging).

[0051] A battery management module may be imple-
mented in hardware, software, or a combination thereof. A
battery management module may be a standalone module, a
module distributed among processing equipment, a module
integrated into an existing electric vehicle system, or be a
combination thereof.

[0052] FIG. 2 shows a system diagram of illustrative
arrangement 200 of battery modules 210 and 211, electrical
components, and subsystems, in accordance with some
embodiments of the present disclosure. Each of battery
modules 210 and 211 includes a positive terminal and a
negative terminal. For example, battery module 210 has a
positive terminal connected to busbar 234, and a negative
terminal connected to busbar 230. Further, battery module
211 has a positive terminal connected to busbar 232, and a
negative terminal connected to switch 250.

[0053] Switches 250, 252, 254, and 256, as shown in FIG.
2, are single pole double throw (SPDT). For example, any or
all of switches 250, 252, 254, and 256 may be of the
“ON-ON” or “ON-OFF-ON” type of SPDT switch. Any or
all of switches 250, 252, 254, and 256 may include at least
one contactor, relay (e.g., solid state or otherwise), a tran-
sistor (e.g., Insulated Gate Bipolar Transistor (IGBT)), any
other suitable device for switching a pole between two “on”
positions, or any combination thereof. For example,
switches 250, 252, 254, and 256 may all be SPDT contac-
tors. In a further example, switches 250, 252, 254, and 256
may each include two single pole single throw (SPST)
contactors wired suitably to achieve SPDT connectivity.
Switches 260 and 262, as shown in FIG. 2, are each SPST
switches, configured to connect and disconnect correspond-
ing terminals of battery charger 270 to busbars 230 and 232.
Either or both of switches 260 and 262 may include a
contactor, a relay (e.g., solid state or otherwise), a transistor
(e.g., Insulated Gate Bipolar Transistor (IGBT)), any other
suitable device for switching a pole between an “off” and an
“on” position, or any combination thereof.

[0054] As shown in FIG. 2, battery modules 210 and 211
are connected in series. For example, switch 250 and switch
252 are configured to connect the positive terminal of
battery module 210 to the negative terminal of battery
module 211. Vehicle load 280, which may include one or
more of electric vehicle subsystems 130 of FIG. 1, is shown
connected to battery module 210 by switch 256 and switch
254. As shown in FIG. 2, switch 256 connects busbar 230 to
a negative terminal of vehicle load 280, and switch 254
connects busbar 234 to a positive terminal of vehicle load
280.

[0055] Battery module 210 may, in some embodiments,
include submodules 202, 204, 206, and 208 which may also
be referred to as cells. Likewise, battery module 211 may
also, in some embodiments, include submodules 203, 205,
207, and 209 which may also be referred to as cells. For
example, battery module 210 may be referred to as “a string
of cells” (i.e., cells connected in series). The voltage of
battery module 210 may be a combination of cells 202, 204,
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206, and 208. For example, as shown illustratively in FIG.
2, the voltage of battery module 210 is a sum of the voltages
of'each of cells 202, 204, 206 and 208. In a further example,
a battery module (e.g., battery module 210 or battery module
211) may include one or more cells connected in parallel
(e.g., to increase current capacity of the battery module). For
clarity, the present disclosure is described in terms of battery
modules.

[0056] Arrangement 200 illustrates two battery modules
for simplicity, but more than two battery modules may be
managed in accordance with the present disclosure. For
example, three battery modules each operating at 300 V may
be connected using a switch configuration in parallel (e.g.,
charged at 300 V) or series (e.g., charged at 900 V). In a
further example, three battery modules each operating at 450
V may be configured in parallel (e.g., charging at 450 v), or
two of the three may be configured in parallel, and then in
series with the third (e.g., to charge at 900V). Any suitable
number of battery modules may be managed (e.g., con-
nected with a switch configuration in series or parallel) in
accordance with the present disclosure. It will be understood
that a battery module may include one or more submodules
(e.g., separate submodules which may be coupled together
to form a module).

[0057] FIG. 3 shows a system diagram of illustrative
control circuitry 310, electrical components, and sensors
350, in accordance with some embodiments of the present
disclosure. In some embodiments, battery management
module 302 may include control circuitry 310 and sensors
350. Battery management module 302 may be used to, for
example, control the switches of FIG. 2. In some embodi-
ments, battery management module 302, or control circuitry
310 thereof, may be incorporated in the arrangement 200 of
FIG. 2, or charging arrangement 100 of FIG. 1. In some
embodiments, battery management module 302 may include
switches 250, 252, 254, 256, 260, and 262. As shown
illustratively in arrangement 300, control circuitry 310 may
be configured to control switches 250, 252, 254, 256, 260,
and 262. For example, control circuitry 310 may place
either, or both, of switches 260 and 262 in an OFF position
or an ON position. In a further example, control circuitry
310 may place any of switches 250, 252, 254, and 256 into
one of two ON positions, or an OFF position.

[0058] Control circuitry 310 may include a processor, a
power supply, power management components (e.g., relays,
filters, voltage regulators), input/output 10 (e.g., GPIO,
analog, digital), memory, communications equipment (e.g.,
CANbus hardware, Modbus hardware, or a WiFi module),
any other suitable components, or any combination thereof.
In some embodiments, control circuitry 310 may include
one or more microprocessors, microcontrollers, digital sig-
nal processors, programmable logic devices, field-program-
mable gate arrays (FPGAs), application-specific integrated
circuits (ASICs), etc., and may include a multi-core proces-
sor. In some embodiments, control circuitry 310 may be
distributed across multiple separate processors or processing
units, for example, multiple of the same type of processing
units or multiple different processors.

[0059] In some embodiments, control circuitry 310
executes instructions for a battery management module
stored in memory. Memory may be an electronic storage
device that is part of control circuitry 310. For example,
memory may be configured to store electronic data, com-
puter software, or firmware, and may include random-access
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memory, read-only memory, hard drives, optical drives,
solid state devices, or any other suitable fixed or removable
storage devices, and/or any combination of the same. Non-
volatile memory may also be used (e.g., to launch a boot-up
routine and other instructions).

[0060] Control circuitry 310 may be coupled to switches
250, 252, 254, 256, 260, and 262 using any suitable wired,
or non-wired, coupling. For example, control circuitry 310
may be coupled to switches 250, 252, 254, 256, 260, and 262
using suitable cables, having any suitable terminations (e.g.,
plugs, screw down terminals, soldered connections). In a
further example, control circuitry 310 may communicate
wirelessly (e.g., using WiFi, or Bluetooth) with switches
250, 252, 254, 256, 260, and 262, which may each include
a transceiver to receive communication and actuate the
corresponding switch (e.g., which may also include a power
supply).

[0061] In some embodiments, battery management mod-
ule may process signals from one or more of sensors 350
which may be, but need not be, included in battery man-
agement module 302. Sensors 350 may include sensors for
sensing voltage, current, impedance, temperature, any other
suitable parameter, or any combination of parameters. For
example, sensors 350 may include respective voltage sen-
sors for each of battery modules 210 and 211, measured
across suitable terminals. In a further example, sensors 350
may include a temperature sensor coupled to battery module
210 (e.g., to determine if battery module 210 is overheating).
In some embodiments, sensors 350 may be included in any
or all of switches 250, 252, 254, 256, 260, and 262. For
example, switch 250 may be a SPDT relay, and sensors 350
may include additional switched terminals for determining
the position of switch 250 (e.g., using a lower voltage/power
circuit).

[0062] FIGS. 4-6 show system diagrams of respective
illustrative arrangements 400, 500, and 600 of battery mod-
ules 210 and 211, electrical components, and subsystems, in
accordance with some embodiments of the present disclo-
sure. Arrangements 400, 500, and 600 differ by the respec-
tive switch configuration of switches 250, 252, 254, and 256.
Switches 260 and 262, as shown in FIGS. 4-6, are in the
closed (i.e., on) position (e.g., a charging configuration). For
example, each of battery module 210 and battery module
211 may operate nominally at 450 V. In a further example,
battery charger 270 may be configured to charge, at least, at
both 450 V and 900 V.

[0063] Arrangement 400 includes battery modules 210
and 211 connected in series by the configuration of switches
250 and 252. Arrangement 400 also includes terminals of
vehicle load 280 connected to corresponding terminals of
battery module 210 (e.g., at busbars 230 and 234). Accord-
ingly, vehicle load 280 is not connected to battery module
211 in arrangement 400.

[0064] Arrangement 500 includes battery modules 210
and 211 connected in series by the configuration of switches
250 and 252. Arrangement 500 also includes terminals of
vehicle load 280 connected to corresponding terminals of
battery module 211 (e.g., at busbars 234 and 232). Accord-
ingly, vehicle load 280 is not connected to battery module
210 in arrangement 500.

[0065] Arrangement 600 includes battery modules 210
and 211 connected in parallel by the configuration of
switches 250 and 252. Arrangement 600 also includes ter-
minals of vehicle load 280 connected to corresponding
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terminals of both battery modules 210 and 211 (e.g., at
busbars 230 and 232). In this arrangement, vehicle load 280
is also connected in parallel to corresponding terminals of
battery charger 270.

[0066] Referencing arrangements 400, 500, and 600 of
FIGS. 4-6, switches 250, 252, 254, and 256 may be used to
adapt to two different charging settings of battery charger
270, as well as apply vehicle loads to either, or both, of
battery modules 210 and 211. Additionally, switches 260 and
262 may be used to connect and disconnect battery charger
270 from busbars 232 and 230, respectively.

[0067] In a first circumstance (e.g., a fast charge configu-
ration, or a high voltage configuration), battery charger 270
may be configured to charge at 900 V, and battery module
210, battery module 211, and vehicle load 280 may be
configured to operate at 450 V (e.g., nominally half of 900
V). Accordingly, battery charger 270 should not be con-
nected directly to vehicle load 280, nor either of battery
modules 210 or 211 directly. In such circumstances,
switches 250 and 252 may be placed in a first configuration,
as shown in arrangements 400 and 500, to connect battery
modules 210 and 211 in series. Accordingly, the total voltage
between busbars 230 and 232 may then be nominally 900 V,
allowing connection to battery charger 270. In the first
circumstance, switches 254 and 256 may be configured to
connect vehicle load 280 across either battery module 210 or
battery module 211, but not both. Arrangements 400 and 500
illustrate two different settings of the first circumstance.
[0068] In a second circumstance (e.g., a slow charge
configuration, or a low voltage configuration), battery char-
ger 270 may be configured to charge at 450 V, and battery
module 210, battery module 211, and vehicle load 280 may
also be configured to operate at 450 V (e.g., the same as the
charging voltage of battery charger 270). Accordingly, bat-
tery charger 270 may be connected directly to vehicle load
280, and either, or both, of battery modules 210 or 211
directly. In the second circumstance, switches 250 and 252
may be placed in a second configuration, as shown in
arrangement 600 of FIG. 6, to connect battery modules 210
and 211 in parallel. Accordingly, the total voltage between
busbars 230 and 232 may then be nominally 450 V, allowing
connection to battery charger 270. In the second circum-
stance, switches 254 and 256 may be configured to connect
vehicle load 280 across both battery modules 210 and 211
and thus also in parallel with battery charger 270. Arrange-
ment 600 illustrates the second circumstance.

[0069] Referencing arrangements 400, 500, and 600, a
battery management module may include control circuitry
for configuring switches 250, 252, 254, 256, 260, and 262.
For example, if fast charging is desired and battery module
210 has a slightly larger voltage than battery module 211, the
battery management module may configure switches 250,
252, 254, 256, 260, and 262 to achieve arrangement 400 in
order to balance the charging of the two battery modules. In
a further example, if slow charging is desired, and both
battery module 210 and battery module 211 are functional,
the battery management module may configure switches
250, 252, 254, 256, 260, and 262 to achieve arrangement
600.

[0070] FIGS. 79 show system diagrams of respective
illustrative arrangements 700, 800, and 900 of battery mod-
ules 710 and 711, electrical components, and subsystems, in
accordance with some embodiments of the present disclo-
sure. Arrangements 700, 800, and 900 differ by the respec-
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tive switch configuration of switches 750, 752, 754, 755,
756, and 757. Switches 760 and 762, as shown in FIGS. 7-9,
remain in the closed (i.e., on) position (e.g., a charging
configuration). For example, each of battery module 710 and
battery module 711 may operate nominally at 450 V. In a
further example, battery charger 770 may be configured to
charge, at least, at both 450 V and 900 V.

[0071] Arrangement 700 includes battery modules 710
and 711 connected in series by the configuration of switches
750, 752, 754, 755, 756 and 757. Arrangement 700 also
includes terminals of vehicle load 780 connected to corre-
sponding terminals of battery module 710 (e.g., at busbars
730 and 734). Accordingly, vehicle load 780 is not con-
nected to battery module 711 in arrangement 700.

[0072] Arrangement 800 includes battery modules 710
and 711 connected in series by the configuration of switches
750, 752, 754, 755, 756 and 757. Arrangement 800 also
includes terminals of vehicle load 780 connected to corre-
sponding terminals of battery module 711 (e.g., at busbars
734 and 732). Accordingly, vehicle load 780 is not con-
nected to battery module 710 in arrangement 800.

[0073] Arrangement 900 includes battery modules 710
and 711 connected in parallel by the configuration of
switches 750, 752, 754, 755, 756 and 757. Arrangement 900
also includes terminals of vehicle load 780 connected to
corresponding terminals of both battery modules 710 and
711 (e.g., at busbars 730 and 732). In this arrangement,
vehicle load 780 is also connected to corresponding termi-
nals of battery charger 770.

[0074] Referencing arrangements 700, 800, and 900 of
FIGS. 7-9, switches 750, 752, 754, 755, 756, and 757 may
be used to adapt to two different charging settings of battery
charger 770 (e.g., fast charge or slow charge), as well as
apply vehicle loads to either, or both, of battery modules 710
and 711 (e.g., as shown in FIGS. 7-8). Additionally, switches
760 and 762 may be used to connect and disconnect battery
charger 770 from busbars 732 and 730, respectively.
[0075] In a first circumstance (e.g., a fast charge configu-
ration, or a high voltage configuration), battery charger 770
may be configured to charge at 900 V, and battery module
710, battery module 711, and vehicle load 780 may be
configured to operate at 450 V (e.g., nominally half of 900
V). Accordingly, battery charger 770 should not be con-
nected directly to vehicle load 780, nor either of battery
modules 710 or 711 directly. In such a circumstance,
switches 750 and 752 may be placed in a first configuration,
as shown in arrangements 700 and 800, to connect battery
modules 710 and 711 in series. Accordingly, the total voltage
between busbars 730 and 732 may then be nominally 900 V,
allowing connection to battery charger 770. In the first
circumstance, switches 754, 755, 756, and 757 may be
configured to connect vehicle load 780 across either battery
module 710 or battery module 711, but not both. Arrange-
ments 700 and 800 illustrate the first circumstance.

[0076] In a second circumstance (e.g., a slow charge
configuration, or a low voltage configuration), battery char-
ger 770 may be configured to charge at 450 V, and battery
module 710, battery module 711, and vehicle load 780 may
also be configured to operate at 450 V (e.g., the same as the
charging voltage of battery charger 770). Accordingly, bat-
tery charger 770 may be connected directly to vehicle load
780, and either, or both, of battery modules 710 or 711
directly. In the second circumstance, switches 750 and 752
may be placed in a second configuration, as shown in
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arrangement 900, to connect battery modules 710 and 711 in
parallel. Accordingly, the total voltage between busbars 730
and 732 may then be nominally 450 V, allowing connection
to battery charger 770. In the second circumstance, switches
754,755, 756, and 757 may be configured to connect vehicle
load 780 across both battery modules 710 and 711. Arrange-
ment 900 illustrates the second circumstance.

[0077] Referencing arrangements 700, 800, and 900, a
battery management module may include control circuitry
for configuring switches 750, 752, 754, 755, 756, 757, 760,
and 762. For example, if fast charging is desired and battery
module 710 has a slightly larger voltage than battery module
711, the battery management module may configure
switches 750, 752, 754, 755, 756, 757, 760, and 762 to
achieve arrangement 700 in order to balance charging of the
two battery modules. In a further example, if slow charging
is desired, and both battery module 710 and battery module
711 are functional, the battery management module may
configure switches 750, 752, 754, 755, 756, 757, 760, and
762 to achieve arrangement 900.

[0078] FIG. 10 shows a system diagram of illustrative
arrangement 1000, including battery management module
1050, for managing battery power and charging, in accor-
dance with some embodiments of the present disclosure.
Arrangement 1000 may show, for example, arrangements in
which battery modules 1010 and 1020 each have a positive
terminal and a negative terminal, which are all coupled to
battery management module 1050. Battery management
module 1050 may include any suitable control circuitry to
control, start, stop, limit, characterize (e.g., measure), check,
or otherwise manage charging of battery modules 1010 and
1020. In an illustrative example, arrangement 1000 may
apply to any of the arrangements shown in FIGS. 4-9.
Further, arrangement 1050 may be implemented as part of
any of the systems of FIGS. 1-9.

[0079] Battery management module 1050 may include
pre-charge system 1052, safety system 1054, fault check
system 1056, electrical connections 1058, electrical compo-
nents 1060, any other suitable systems or components, or
any combination thereof. For example, battery management
module 1050 may include any or all of bus bars, terminal
blocks, fuses, switches (e.g., relays, or contactors), breakers,
electrical filters (e.g., to reduce noise), capacitors (e.g., for
pre-charging), resistors (e.g., for pre-charging), diodes,
inductors (e.g., a choke), processing equipment, measure-
ment equipment (e.g., current sensors, voltage sensors), 10
hardware (e.g., an RJ45 jack and ethernet controller), and
memory. In some embodiments (e.g., as shown in FIG. 10),
battery management module 1050 may be coupled to battery
charger 1070 (e.g., to receive charge), and coupled to vehicle
load 1080 (e.g., including any other subsystem of electrical
vehicle subsystems 130). Accordingly, battery management
module 1050 may manage interactions of battery modules
1010 and 1020 with battery charger 1070, and vehicle load
1080.

[0080] Pre-charge system 1052 may include electric cir-
cuitry for reducing a potential difference (i.e., a voltage
difference) across connections of a switch (e.g., to reduce
in-rush current). For example, pre-charge system 1052 may
include capacitors and resistors to control current and volt-
age across switch terminals.

[0081] Safety system 1054 may include, for example,
circuitry for monitoring a proximity pilot (e.g., to identify a
connector state), circuitry for measuring a parameter (e.g.,
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voltage, current, temperature, resistance), circuitry for com-
municating with any of electric vehicle subsystems 130, any
other suitable circuitry, or any combination thereof. In some
embodiments, battery management module 1050 may use
safety system 1054 to determine a switch configuration to
use. For example, if safety system 1054 determines that an
unsafe condition is occurring, the battery management mod-
ule may determine a switch configuration that isolates, or
otherwise disconnects, one or more of battery charger 1070,
vehicle load 1080, and battery modules 1010 and 1020.
[0082] Fault check system 1056 may include, for example,
circuitry for measuring a parameter (e.g., voltage across a
battery module, a charging current, a battery module tem-
perature, a resistance across suitable terminals), circuitry for
communicating with on-board charger 146, any other suit-
able circuitry, or any combination thereof. In some embodi-
ments, fault check system 1056 may be included in safety
system 1054. In some embodiments, safety system 1054
may be included in fault check system 1056. In some
embodiments, the battery management module may deter-
mine a fault has occurred based on fault check system 1056.
[0083] Connections 1058 may include, for example, bus-
bars, breakouts, connectors, terminals, any other suitable
components for connecting charging conductors, or any
combination thereof. For example, connections 1058 may
include high voltage DC connectors, crimped cable connec-
tions, soldered or brazed connections, screw-down termi-
nals, spring loaded terminals, grounding terminals, any other
suitable connections, or any combination thereof.

[0084] Components 1060 may include, for example, fil-
ters, resistors, capacitors, inductors, diodes, amplifiers, con-
tactors, relays, any other suitable components for managing
charging of one or more battery modules. In an illustrative
example, a combination of connections 1058 and compo-
nents 1060 may be control circuitry for applying a switch
configuration to one or more switches.

[0085] In some embodiments, for example, battery man-
agement module 1050 may include control circuitry (e.g.,
control circuitry 310 of FIG. 3), and sensors (e.g., sensors
350 of FIG. 3). In some embodiments, battery management
module 1050 may be part of, or combined with, an on-board
charger (e.g., on board charger 146 of FIG. 1).

[0086] A battery management module may manage opera-
tion and charging of a battery pack having two or more
battery modules. In order to balance utilization, and take
advantage of fast charging when desired, the battery man-
agement module may determine and apply a switch con-
figuration to manage charging. For example, the battery
management module may manage providing power to an
electric load during low voltage charging, by managing
which battery module provides the power. In a further
example, the battery management module may manage
switching the electric load between the battery modules to
balance utilization. FIG. 11 is a flowchart of an illustrative
process 1100 for managing charging of a battery pack, in
accordance with some embodiments of the present disclo-
sure. It should be noted that process 1100 or any step thereof
could be performed on, or provided by, any of the systems
shown in FIGS. 1-10. In addition, one or more steps of
process 1100 may be incorporated into or combined with
one or more steps of any other processes or embodiments
described herein. In some embodiments, process 1100 may
include a battery management module managing charging of
a first battery module and a second battery module that are
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coupled in series. In some embodiments, the battery man-
agement module may be coupled to a battery charger, which
may provide a charging current, at a charging voltage, to the
battery management module. In some embodiments, charg-
ing the first and second battery modules while connected in
series may correspond to a fast charge.

[0087] Step 1104 may include a battery management mod-
ule using at least one switch in a first switch configuration
to couple an electric load in parallel to the first battery
module during charging. In some embodiments, the at least
one switch may include a plurality of switches configured to
couple an electric load in parallel to the first battery module
during charging. For example, referencing arrangement 200
of FIG. 2, switches 256 and 254 are in a configuration to
couple vehicle load 280 (e.g., an electric load) to battery
module 210 (e.g., a first module). In a further example,
referencing arrangement 800 of FIG. 8, switches 754, 755,
756, and 757 are in a configuration to couple vehicle load
780 (e.g., an electric load) to battery module 711 (e.g., a first
module).

[0088] Step 1106 may include a battery management mod-
ule determining a first battery characteristic of the first
battery module during charging. In some embodiments, the
first battery characteristic may be a numerical value such as,
for example, a measurement (e.g., voltage across the first
battery module), a time duration, a charging start time, or
other suitable value. In some embodiments, the first battery
characteristic may be a state (e.g., a status identifier) such as,
for example, “fully charged,” “voltage high,” “voltage low,”
or other suitable state. In a further example, a battery
management module may determine an elapsed time since
last charge, an elapsed time since last loading, a total number
of charges, a cumulative charging time, any other suitable
metric associated with historical charging behavior, or any
combination thereof.

[0089] Step 1108 may include a battery management mod-
ule determining a second battery characteristic of the second
battery module during charging. In some embodiments, the
second battery characteristic may be a numerical value such
as, for example, a measurement (e.g., voltage across the first
battery module), a time duration, a charging start time, or
other suitable value. In some embodiments, the second
battery characteristic may be a state (e.g., a status identifier)
such as, for example, “fully charged,” “voltage high,” “volt-
age low,” “charging time reached,” or other suitable state. In
a further example, a battery management module may
determine an elapsed time since last charge, an elapsed time
since last loading, a total number of charges, a cumulative
charging time, any other suitable metric associated with
historical charging behavior, or any combination thereof.
[0090] It will be understood that steps 1106 and 1108 may
be combined in any suitable way. In some embodiments, a
battery management module may determine a differential
battery characteristic from a comparison of the two battery
modules. For example, a battery management module may
determine a difference in voltage across the first battery
module and the second battery module. To illustrate, if the
voltage across the first battery module is 440 V, and the
voltage across the second battery module is 452 V, the
battery management module may determine a voltage dif-
ference of 12 V, or =12V, depending on how the difference
is determined. In some embodiments, a battery management
module may determine the second battery characteristic
based at least in part on the first battery characteristic. For
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example, a battery management module may determine that
a first battery characteristic is 452 V (e.g., the voltage across
the first battery module is 452 V). The battery management
module may then determine a second battery characteristic
is =6 V (e.g., the voltage across the second battery module
is 446 V, or 6V less than the first battery module).

[0091] Step 1110 may include a battery management mod-
ule determining to apply a second switch configuration to
the at least one switch based on the first battery characteristic
and the second battery characteristic, wherein the second
switch configuration couples the electric load in parallel to
the second battery module during charging. In some embodi-
ments, the battery management module may select from
among a group of switch configurations. For example, a
group of pre-determined switch configurations may be
selected from, each describing one or more switch positions
to be used in a particular circumstance. In some embodi-
ments, the battery management module may determine to
apply a switch configuration based on a subset of one or
more switches. For example, the battery module may deter-
mine to apply a switch configuration by determining a load
switch configuration (e.g., for switches 254 and 256 of
FIGS. 4-6), a charge switch configuration (e.g., for switches
260 and 262 of FIGS. 4-6), and a mode switch configuration
(e.g., switches 250 and 252 of FIGS. 4-6).

[0092] Step 1112 may include a battery management mod-
ule applying the second switch configuration (e.g., of step
1110) to the at least one switch. In some embodiments, step
1112 may include a battery management module sending
one or more signals to one or more corresponding switches
to change a switch position. For example, the battery man-
agement module may send a transistor-transistor level (TTL)
signal to a relay or contactor to change position. In a further
example, the battery management module may send a DC
signal (e.g., 5V, 12V, 24 V, or other voltage) to one or more
relays or contactors to change position. In a further example,
the battery management module may send an AC signal
(e.g., 110 VAC, 24 VAC, or other voltage) to one or more
relays or contactors to change position. In a further example,
the battery management module may send a command over
a CANbus to relays or contactors (e.g., which may include
control circuitry) to change position. In some embodiments,
step 1112 may include a battery management module not
changing one or more switches. For example, one or more
switches may remain in a position when changing the
coupling of the electric load from the first battery module to
the second battery module.

[0093] It is contemplated that the steps or descriptions of
FIG. 11 may be used with any other embodiments of this
disclosure. In addition, the steps and descriptions described
in relation to FIG. 11 may be done in alternative orders or
in parallel to further the purposes of this disclosure. For
example, battery characteristics may also be determined and
used to determine the switch configuration used in step 1104.
As another example, each of these steps may be performed
in any order or in parallel or substantially simultaneously to
reduce lag or increase the speed of the system or method.
Any of these steps may also be skipped or omitted from the
process. Furthermore, it should be noted that any of the
devices or equipment discussed in relation to FIGS. 1-10
could be used, alone or in concert, to perform one or more
of the steps in FIG. 11.

[0094] A battery management module may manage a fault
occurrence of a battery pack having two or more battery
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modules. In order to prevent damage or unsafe conditions,
the battery management module may determine a fault has
occurred and apply a switch configuration to manage opera-
tion, charging, or both in view of the fault. For example, the
battery management module may disconnect a battery mod-
ule from an electric load to prevent an operating voltage
from deviating from an acceptable range (e.g., an electric
short may cause a voltage drop below a threshold). FIG. 12
is a flowchart of an illustrative process 1200 for managing
a fault, in accordance with some embodiments of the present
disclosure. It should be noted that process 1200 or any step
thereof could be performed on, or provided by, any of the
devices shown in FIGS. 1-10. In addition, one or more steps
of process 1200 may be incorporated into or combined with
one or more steps of any other processes or embodiments
described herein.

[0095] Referencing FIG. 6, for example, battery module
211 may have a fault such as a short. Accordingly, the
voltage across battery module 211 may drop which may
damage, or otherwise render unusable, vehicle load 280. The
battery management module may open (e.g., set to OFF
position), switches 250, 252, 260, and 262, and position
switch 256 to connect busbar 230 to vehicle load 280 and
position switch 254 to connect busbar 234 to vehicle load
280. This switch configuration isolates battery module 211,
and allows vehicle load 280 to be powered by battery
module 210, at the same operating voltage, albeit with less
current capacity (e.g., without battery module 211 in paral-
lel). Referencing FIG. 4, if battery module 211 exhibited a
fault in arrangement 400, the battery management module,
may first apply a switch configuration to achieve arrange-
ment 600 of FIG. 6, and then perform the above switch
configuration described above to isolate battery module 211.
In some embodiments, if the battery management module
identifies a fault during slow charging, it may isolate the
faulted battery module, while still powering a vehicle load.
In some embodiments, if the battery management module
identifies a fault during fast charge, it may shut down
charging and disconnect a vehicle load. In some embodi-
ment, if the battery management module identifies a fault
during fast charge, it may switch to slow charge and isolate
the faulted battery module.

[0096] Step 1202 may include a battery management
module identifying, with control circuitry, a fault occurrence
in a battery module of a plurality of battery modules while
the at least one switch is in a first switch configuration. In
some circumstances, the at least one switch in the first
switch configuration couples the plurality of battery modules
in parallel with each other and with an electric load. A fault
is an event, or otherwise change in state, of a battery module,
associated components, or both that negatively impacts
operation or charging of the battery module. A fault occur-
rence refers to either the occurrence of the fault itself, or the
time when the battery management module identifies that a
fault has occurred. In some embodiments, the battery man-
agement module may scan (e.g., periodically test or mea-
sure) respective battery characteristics for one or more
battery modules to check for faults. In some embodiments,
the battery management module may continuously monitor
respective battery characteristics for one or more battery
modules to check for faults.

[0097] In some embodiments, the battery management
module may identify a fault occurrence at step 1202 based
on at least one sensor configured to measure temperature



US 2019/0126761 Al

(e.g., thermocouples, thermistors, or resistance temperature
detectors). For example, the battery management module
may include a thermocouple interface, coupled to a thermo-
couple, which may measure a battery module temperature. If
the temperature increases (e.g., above a threshold), the
battery management module may determine that a fault has
occurred (e.g., an increased temperature may signal a fault).
[0098] In some embodiments, the battery management
module may identify a fault occurrence at step 1202 based
on at least one sensor configured to measure voltage (e.g., a
digital multimeter, or GPIO with a voltage divider circuit).
For example, the battery management module may measure
a battery module voltage. If the voltage is outside of a range,
the battery management module may determine that a fault
has occurred (e.g., a short or open circuit has occurred). In
some embodiments, the battery management module may
interrupt current flow in a battery module to measure an
open circuit voltage (e.g., over a short time period as to not
be significantly noticeable to an electric load).

[0099] In some embodiments, the battery management
module may identify a fault occurrence at step 1202 based
on at least one sensor configured to measure current (e.g., a
digital multimeter, precision resistor, or a current shunt). For
example, the battery management module may measure a
battery module charging current or load current. If the
current is outside of a range, the battery management
module may determine that a fault has occurred (e.g., a short
or open circuit has occurred). In some embodiments, the
battery management module may interrupt a circuit in a
battery module to check that the current flow is zero (e.g., to
check for shorts, or undesired grounding).

[0100] In some embodiments, the battery management
module may identify a fault occurrence at step 1202 based
on at least one sensor configured to measure impedance
(e.g., a digital multimeter, passive circuit components). For
example, the battery management module may measure a
battery module impedance by providing a signal modulation
and measuring a voltage response. If the impedance is
outside of a range, the battery management module may
determine that a fault has occurred (e.g., the circuit has
undergone a change). In some embodiments, the battery
management module may interrupt a circuit in a battery
module to check that impedance of a battery module.
[0101] Step 1204 may include a battery management
module determining a second switch configuration in
response to identifying the fault occurrence in the one
battery module. In some embodiments, the battery manage-
ment module may determine a second switch configuration
that isolates, disconnects, or otherwise lessens the impact of,
the fault occurrence on battery charging. In some embodi-
ments, the battery management module may stop charging
(e.g., apply an OFF position to switches 260 and 262 of
FIGS. 4-6) when a fault occurrence is identified. In some
embodiments, the battery management module may select
from among a group of switch configurations. For example,
one switch configuration from a group of pre-determined
switch configurations may be selected, each describing one
or more switch positions to be applied when a fault is
identified. In some embodiments, the battery management
module may determine to apply a switch configuration based
on a subset of one or more switches. For example, the
battery module may determine to apply a switch configu-
ration by determining a load switch configuration (e.g., for
switches 254 and 256 of FIGS. 4-6), a charge switch
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configuration (e.g., for switches 260 and 262 of FIGS. 4-6),
and a mode switch configuration (e.g., switches 250 and 252
of FIGS. 4-6).

[0102] In some embodiments, the battery management
module may periodically disconnect each battery module to
measure an open circuit voltage across the battery module.
For example, the battery management module may discon-
nect each battery module for a pre-determined time period
(e.g., 10 milliseconds, or any other suitable time sufficient to
reach near open circuit voltage and perform a measurement).
If the battery management module identifies a low voltage
(e.g., below a threshold), the battery management module
may identify that a fault has occurred in that battery module.
The battery management module may accordingly discon-
nect the faulted battery module from the load (e.g., apply an
OFF position to switch 250 of FIG. 2), disconnect the battery
charger from the battery modules (e.g., using switches 260
and 262 of FIGS. 4-6), disconnect the electric load from the
battery module (e.g., using switches 254 and 256 of FIGS.
4-6), or a combination thereof.

[0103] Step 1206 may include a battery management
module applying the second switch configuration to the at
least one switch. In some circumstances, the at least one
switch in the second switch configuration de-couples the
battery module having the fault occurrence from the electric
load and couples the remaining one or more of the plurality
of battery modules not having the fault occurrence to the
electric load. Accordingly, the resulting arrangement may
include the electric load coupled to the remaining one or
more battery modules (e.g., still capable of providing current
at an operating voltage), and the faulted battery module may
be de-coupled by disconnecting one, or both, terminals of
the battery module, any corresponding circuitry, or any
combination thereof.

[0104] Inan illustrative example, referencing arrangement
600 of FIG. 6, Table 1 shows an illustrative switch configu-
ration (i.e., battery modules 210 and 211 in parallel, con-
nected to electric load 250). With switches 260 and 262
either open (e.g., not charging, or not connected to a battery
charger, as shown in Table 1) or closed (e.g., charging), the
battery management module may identify that battery mod-
ule 211 has a fault occurrence at step 1202. At step 1204, the
battery management module may determine the switch
configuration of Table 2 as the desired switch configuration
when a fault is detected in battery module 211 and when not
charging (e.g., in response to the fault occurrence).

TABLE 1

Tllustrative switch configuration pre-fault
(e.g., as shown in FIG. 6)

Switch ID Configuration

Switch 250 Connect 211(-) to 210(-)
Switch 252 Connect 211(+) to 210(+)
Switch 254 Connect 250 to 211(+)
Switch 256 Connect 250 to 210(-)
Switch 260 OPEN

Switch 262 OPEN
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TABLE 2

Illustrative switch configuration post-fault.

Switch ID Configuration

Switch 250 OFF position

Switch 252 OFF position

Switch 254 Connect 250 to 210(+)
Switch 256 Connect 250 to 210(-)
Switch 260 OPEN

Switch 262 OPEN

[0105] It is contemplated that the steps or descriptions of
FIG. 12 may be used with any other embodiments of this
disclosure. In addition, the steps and descriptions described
in relation to FIG. 12 may be done in alternative orders or
in parallel to further the purposes of this disclosure. For
example, each of these steps may be performed in any order
or in parallel or substantially simultaneously to reduce lag or
increase the speed of the system or method. Any of these
steps may also be skipped or omitted from the process.
Furthermore, it should be noted that any of the systems and
corresponding components discussed in relation to FIGS.
1-10 could be used, alone or in concert, to perform one or
more of the steps in FIG. 12.

[0106] A battery management module may manage charg-
ing of a battery pack based on capabilities, or limitations, of
a battery charger. In order to take advantage of fast charging
when desired or available, as well as determine an appro-
priate switch configuration in view of the coupled battery
charger, the battery management module may determine and
apply a switch configuration to manage charging. For
example, the battery management module, an onboard char-
ger, or both, may determine whether the battery charger can
provide AC power, DC power, what voltages can be pro-
vided, what current limitations are in place, a charging time
limit, or other battery charger capability information. FIG.
13 is a flowchart of an illustrative process 1300 for manag-
ing charging of a battery pack based on battery charger
capability information, in accordance with some embodi-
ments of the present disclosure. It should be noted that
process 1300 or any step thereof could be performed on, or
provided by, any of the systems shown in FIGS. 1-10. In
addition, one or more steps of process 1300 may be incor-
porated into or combined with one or more steps of any other
processes or embodiments described herein.

[0107] Step 1302 may include a battery management
module receiving, using control circuitry, capability infor-
mation from a battery charging system (e.g., a battery
charger) coupled to the battery pack. In some embodiments,
when a battery charger is coupled to one or more battery
modules, the battery management module may communi-
cate with the battery charger. For example, an electric
vehicle may be coupled to a battery charger using a SAE
J1772 type connector. A connector may include two or more
pins for conducting charging current (e.g., pins for AC
charging, pins for DC fast charging), a pin for grounding,
one or more pins for communication, any other suitable pins,
or any combination thereof. In some embodiments, an OBC
may communicate with the battery charger, and communi-
cate corresponding information to a battery management
module. Capability information may include, for example, a
charging rate, a voltage (e.g., a charging voltage), a current
(e.g., a maximum charging current rating), a time (e.g., a
limit in charging time), whether the battery charger is fast
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charge capable, any other suitable information about capa-
bilities of the battery charger, or any combination thereof.
The battery management module may receive capability
information as an analog signal (e.g., a voltage), a digital
signal (e.g., information on a series port), a modulated signal
(e.g., a square wave on top of a DC signal or carrier wave),
a message (e.g., from a TCP connection), any other suitable
signal, or any combination thereof.

[0108] Step 1304 may include a battery management
module determining whether the battery charging system is
capable of fast charging based on the capability information.
In some embodiments, the battery management module may
receive capability information corresponding to a charging
voltage. For example, the battery management module may
receive capability information including 900 V as a maxi-
mum charging voltage. Accordingly, the battery manage-
ment module may determine that the battery charger is
capable of fast charging (e.g., charging at 900 V). In some
embodiments, the battery management module may receive
capability information corresponding to available states of
the battery charger. For example, the battery management
module may receive a signal corresponding to fast charge
capable (e.g., an alphanumeric code, alphanumeric identi-
fier, flag value, or other identifier).

[0109] Step 1306 may include a battery management
module applying, using the control circuitry, a switch con-
figuration to the at least one mode switch to perform fast
charging in response to determining that the battery charging
system is capable of fast charging. In some embodiments,
step 1306 may include a battery management module send-
ing one or more signals to one or more corresponding
switches to change a switch position. For example, the
battery management module may send TTL signals to relays
or contactors to change position. In a further example, the
battery management module may send a DC signal (e.g., 5
V, 12 V, 24 V, or other voltage) to one or more relays or
contactors to change position. In a further example, the
battery management module may send an AC signal (e.g.,
110 VAC, 24 VAC, or other voltage) to one or more relays
or contactors to change position. In a further example, the
battery management module may send a command over a
CANbus to relays or contactors (e.g., which may include
control circuitry) to change position. In some embodiments,
step 1306 may include a battery management module not
changing one or more switches when a switch configuration
is changed. For example, when applying the switch con-
figuration, one or more switches may remain in a position
when changing the coupling of the electric load from the first
battery module to the second battery module. Referencing
FIGS. 4 and 6, if the battery management module applies a
switch configuration to change from arrangement 400 to
arrangement 600, switches 256, 260, and 262 remain in the
same position.

[0110] In an illustrative example, a battery management
module may be capable of applying a first switch configu-
ration that couples a first battery module and a second
battery module in series, and a second switch configuration
that couples a first battery module and a second battery
module in parallel. At step 1302, the battery management
module may receive information including available charg-
ing voltages and currents that can be delivered. At step 1304,
the battery management module may determine that a bat-
tery charger is capable of fast charging (e.g., high voltage
charging) based on the available voltages. At step 1306, the
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battery management module may apply a switch configu-
ration similar to that of arrangement 400 of FIG. 4 to
perform fast charging of the first and second battery mod-
ules.

[0111] It is contemplated that the steps or descriptions of
FIG. 13 may be used with any other embodiments of this
disclosure. In addition, the steps and descriptions described
in relation to FIG. 13 may be done in alternative orders or
in parallel to further the purposes of this disclosure. For
example, each of these steps may be performed in any order
or in parallel or substantially simultaneously to reduce lag or
increase the speed of the system or method. Any of these
steps may also be skipped or omitted from the process.
Furthermore, it should be noted that any of the devices or
equipment discussed in relation to FIGS. 1-10 could be used,
alone or in concert, to perform one or more of the steps in
FIG. 13.

[0112] A battery management module may manage charg-
ing of a battery pack based on battery charger capability
information and local charging information. In order to
balance utilization, and take advantage of fast charging
when desired (or available), the battery management module
may determine and apply a switch configuration to manage
charging. For example, the battery management module may
determine whether to connect battery modules in series or
parallel, based on whether fast charge is available at the
charger and whether fast charge is desired by a user or
appropriate for the battery pack. FIG. 14 is a flowchart of an
illustrative process 1400 for managing battery charging of a
battery pack, based in part on local charging information, in
accordance with some embodiments of the present disclo-
sure. The battery pack may include, for example, a first
battery module and a second battery module. It should be
noted that process 1400 or any step thereof could be per-
formed on, or provided by, any of the systems shown in
FIGS. 1-10. In addition, one or more steps of process 1400
may be incorporated into or combined with one or more
steps of any other processes or embodiments described
herein.

[0113] Step 1404 may include a battery management mod-
ule receiving, using control circuitry, battery charging sys-
tem capability information from a battery charging system.
In some embodiments, an OBC may communicate with the
battery charger, and communicate corresponding informa-
tion to the battery management module. Capability infor-
mation may include, for example, a charging rate, a voltage
(e.g., a charging voltage), a current (e.g., a maximum
charging current rating), a time (e.g., a limit in charging
time), whether the battery charger is fast charge capable, any
other suitable information about capabilities of the battery
charger, or any combination thereof. The battery manage-
ment module may receive capability information as an
analog signal (e.g., a voltage), a digital signal (e.g., infor-
mation on a series port), a modulated signal (e.g., a square
wave on top of'a DC signal or carrier wave), a message (e.g.,
from a TCP connection), any other suitable signal, or any
combination thereof.

[0114] In some embodiments, step 1404 may include the
battery management module identifying, using control cir-
cuitry, that the battery charging system is coupled to the
battery pack. For example, referencing FIG. 1, battery
management module 138, alone or in combination with
on-board charger 146, may identify that battery charger 110
is coupled to battery pack 122.
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[0115] Step 1406 may include a battery management mod-
ule retrieving local charging information regarding the bat-
tery pack. Local charging information may include, for
example, an operating voltage of a battery pack, an operat-
ing voltage of a battery module, a maximum charging
current, a desired charge mode (e.g., slow charge or fast
charge), a desired charge voltage (e.g., low voltage or high
voltage), a user preference, a state of one or more battery
modules, historical charging information, location informa-
tion, any other suitable information, or any combination
thereof. For example, local charging information may
include a user preference to select fast charging whenever
available. In a further example, local charging information
may include a selected option (e.g., by a user) as to whether
to apply a fast charge or a slow charge. In a further example,
local charging information may include a battery module
operating voltage of 450 V. In a further example, local
charging information may include a number fast charges that
have been performed in a period of time (e.g., three fast
charges in the last month, or ten fast charges in the life of the
battery pack). In a further example, local charging informa-
tion may include which battery module to couple to an
electric load during charging.

[0116] In some embodiments, local charging information
may include a location of a battery pack, a vehicle, or a user.
For example, local charging information may include Global
Positioning System (GPS) information, a set of coordinates,
an address (e.g., a place of business, or a residence), a
user-defined location (e.g., received as user input to a battery
management module or interface thereof), an identifier of a
battery charger having a location (e.g., a serial number), any
other suitable location information, or any combination
thereof.

[0117] A battery management module may retrieve local
charging information from local memory (e.g., in a hard
drive, or solid-state memory, remote memory (e.g., stored in
a network cloud-based storage system), any other suitable
memory accessible to the battery management module, or
any combination thereof. Local charging information may
be stored in any suitable format such as, for example, a
database, a lookup table, a set of flags, one or more ASCII
characters or words (e.g., in a text file), any other format, or
any combination thereof.

[0118] Step 1408 may include a battery management mod-
ule determining a switch configuration of at least one switch
to either connect the first battery module and the second
battery module in series or parallel, based at least in part on
the battery charging system capability information and the
local charging information. In some embodiments, the bat-
tery management module may retrieve local charging infor-
mation which may include a location of the battery pack.
The battery management module may, for example, deter-
mine a switch configuration for slow charging if the location
is the user’s home. In a further example, the battery man-
agement module may determine a switch configuration for
fast charging if the location is away from, or remote from,
the user’s home. Fast charging may, in some instances,
degrade (e.g., have detrimental long-term effects on) a
battery pack. Accordingly, it may be desired to limit the
number of fast charge cycles that a battery pack, or battery
module thereof, experiences. In some embodiments, the
battery management module may, for example, determine a
switch configuration for fast charging when local charging
information indicates that the battery pack (e.g., of an
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electric vehicle) is located along an Interstate or at a rest stop
(e.g., on a road trip). Accordingly, the user may prefer to not
wait for longer times to allow a slow charge to complete, and
would prefer a fast charge to get back on the road. In a
further example, the battery management module may keep
track of (e.g., store in retrievable memory) a charging
history of the battery pack, and use the charging history to
determine the switch configuration. In an illustrative
example, the battery management module may determine a
switch configuration for fast charging when local charging
information indicates the user is “on the road,” unless the
total number of fast charges is above a threshold in which
case the battery management module may determine a
switch configuration for slow charging. In some embodi-
ments, local charging information may include a frequency
of fast charges, a number of fast charges per time, a battery
module capacity, a battery health metric (e.g., whether fast
charging having a measurable, detrimental effect), any other
suitable historical charging information, or any combination
thereof.

[0119] Step 1410 may include a battery management mod-
ule applying the switch configuration to the at least one
switch. In some embodiments, step 1410 may include a
battery management module sending one or more signals to
one or more corresponding switches to change a switch
position. In some embodiments, step 1410 may include a
battery management module not changing one or more
switches when a switch configuration is changed. For
example, when applying the switch configuration, one or
more switches may remain in a position when changing the
coupling of the electric load from the first battery module to
the second battery module. Referencing FIGS. 4 and 6, if the
battery management module applies a switch configuration
to change from arrangement 400 to arrangement 600,
switches 256, 260, and 262 remain in the same position.

[0120] It is contemplated that the steps or descriptions of
FIG. 14 may be used with any other embodiments of this
disclosure. In addition, the steps and descriptions described
in relation to FIG. 14 may be done in alternative orders or
in parallel to further the purposes of this disclosure. For
example, each of these steps may be performed in any order
or in parallel or substantially simultaneously to reduce lag or
increase the speed of the system or method. Any of these
steps may also be skipped or omitted from the process.
Furthermore, it should be noted that any of the systems and
corresponding components discussed in relation to FIGS.
1-10 could be used, alone or in concert, to perform one or
more of the steps in FIG. 14.

[0121] A battery management module may manage the
overall operation of a battery pack having two or more
battery modules. In order to balance utilization, and take
advantage of fast charging when desired (or available), the
battery management module may determine and apply a
switch configuration to manage charging, operation, fault
tolerance, or a combination thereof. For example, the battery
management module may determine whether to connect
battery modules in series or parallel, based on whether fast
charge is available at the charger and whether fast charge is
desired by a user or appropriate for the battery pack. In a
further example, the battery management module may pro-
vide fault tolerance during operation, even when not charg-
ing. FIG. 15 is a flowchart of an illustrative process 1500 for
managing a battery pack, in accordance with some embodi-
ments of the present disclosure. It should be noted that
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process 1500 or any step thereof could be performed on, or
provided by, any of the systems shown in FIGS. 1-10. In
addition, one or more steps of process 1500 may be incor-
porated into or combined with one or more steps of any other
processes or embodiments described herein.

[0122] Step 1502 may include a battery management
module determining whether a battery charger (e.g., battery
charger 1503) is connected to a battery pack, an electric
vehicle, terminals of the battery management module, any
other suitable terminals, or any combination thereof. In
some embodiments, a battery management module may
include a proximity switch, a set of contacts, a communi-
cations interface, or a combination thereof to determine
whether a battery charger is connected. For example, a
battery charging cable connecting an electric vehicle to a
battery charger may include a connector having one or more
contacts that open, or close, when positively connected to a
charging socket of the electric vehicle. In a further example,
a battery management module may determine that a battery
charger is connected based on receiving a signal (e.g., an
analog signal or a digital signal) from the battery charger. In
a further example, a battery management module may
determine that a battery charger is connected based on
receiving a signal (e.g., an analog signal or a digital signal)
from an OBC, which may communicate with the battery
charger.

[0123] Step 1518 may include a battery management
module determining one or more battery characteristics
corresponding to one or more battery modules, one or more
battery packs, or a combination thereof. Battery character-
istics may include, for example, a numerical value (e.g.,
voltage across the first battery module), a time duration, a
charging start time, a state (e.g., a status identifier), an
elapsed time since last charge, an elapsed time since last
loading, a total number of charges, a cumulative charging
time, battery module capacity, any other suitable metric, or
any combination thereof. The battery management module
may determine one or more characteristics during normal
operation (e.g., when the electric vehicle is being driven on
the road), during charging (e.g., when the battery pack is
coupled to a battery charger), during off periods (e.g., when
the electric vehicle is parked), or any combination thereof.

[0124] Step 1520 may include a battery management
module determining whether a fault has occurred corre-
sponding to one or more battery modules, a battery pack, an
electrical component coupled to a battery module, any other
suitable equipment that may impact operation, or any com-
bination thereof. Step 1520 may be performed during opera-
tion, during an off period (e.g., when the electric vehicle is
parked), and not necessarily during charging. For example,
a battery management module may perform step 1520
continuously, or at pre-determined intervals, to identify a
fault quickly. In some embodiments, the battery manage-
ment module may perform one or more aspects of step 1202
of FIG. 12 to determine whether a fault has occurred, and
which battery module may be impacted. If no fault has
occurred, been detected, or been determined to have hap-
pened, the battery management module may proceed to step
1512. If the battery management module determines that a
fault has occurred, the battery management module may also
proceed to step 1512, determining the switch configuration
based on whether a fault has occurred, and which fault has
occurred. For example, in the case of a fault occurrence, the



US 2019/0126761 Al

battery management module may determine a switch con-
figuration that isolates, or otherwise reduces the impact of,
the fault on the battery pack.

[0125] Step 1504 may include a battery management
module receiving battery charger information. In some
embodiments, the battery management module may receive
charging system information from a battery charger (e.g.,
battery charger 1503), an OBC of an electric vehicle (e.g.,
on-board charger 146 of FIG. 1), any other suitable infor-
mation source, or any combination thereof. In some embodi-
ments, a battery management module may perform steps
1502 and 1504 as a single step. For example, when con-
nected, a battery management module may receive commu-
nication from a battery charger which may include battery
charger information, and accordingly the battery manage-
ment module may determine that the battery charger is
connected.

[0126] Step 1506 may include a battery management
module determining one or more battery characteristics
corresponding to one or more battery modules, one or more
battery packs, or a combination thereof. Battery character-
istics may include, for example, a numerical value (e.g.,
voltage across the first battery module), a time duration, a
charging start time, a state (e.g., a status identifier), an
elapsed time since last charge, an elapsed time since last
loading, a total number of charges, a cumulative charging
time, battery module capacity, any other suitable metric, or
any combination thereof.

[0127] Step 1508 may include a battery management
module retrieving local charging information. In some
embodiments, the battery management module may retrieve
the local charging information from memory (e.g., stored
locally). In some embodiments, the battery management
module may retrieve the local charging information by
receiving information from one or more other subsystems.
For example, the battery management module may retrieve
information from an OBC (e.g., by submitting a query),
including user preference information.

[0128] Step 1510 may include a battery management
module determining whether a fault has occurred corre-
sponding to one or more battery modules, a battery pack, an
electrical component coupled to a battery module, any other
suitable equipment that may impact charging, or any com-
bination thereof. In some embodiments, the battery man-
agement module may perform one or more aspects of step
1202 of FIG. 12 to determine whether a fault has occurred,
and which battery module may be impacted. If no fault has
occurred, been detected, or been determined to have hap-
pened, the battery management module may proceed to step
1512. If the battery management module determines that a
fault has occurred, the battery management module may
proceed to step 1511, step 1512, or both. For example, in the
case of a fault occurrence, the battery management module
may communicate information corresponding to the fault to
the battery charger, as well as determine a switch configu-
ration that isolates, or otherwise reduces the impact of, the
fault on the battery pack.

[0129] Step 1511 may include a battery management mod-
ule transmitting charging information to a battery charger.
For example, the battery management module may transmit
local charging information to battery charger 1503. Charg-
ing information may include, for example, information
about charge progress (e.g., whether the battery pack is fully
charged), a voltage limit, a current limit, a fault occurrence,
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a charging time, any other suitable charging information,
any change thereof, or any combination thereof. In some
embodiments, the battery management module may transmit
charging information to the battery charger to ensure safe,
efficient, repeatable, preferred, and timely charging of the
battery pack, or one or more modules thereof.

[0130] Step 1512 may include a battery management
module determining a switch configuration for at least one
switch. The battery management module may determine the
switch configuration based at least in part on battery charger
information, one or more battery characteristics, local charg-
ing information, a fault occurrence, any other suitable infor-
mation, or any combination thereof. In some embodiments,
the battery management module may determine a set of one
or more switch positions, or “throws,” and a schedule
thereof, to provide a desired connectivity of terminals
among electric loads, a battery charger, two or more battery
modules, a pre-charge circuit, measurement circuitry, termi-
nals of any other suitable component, or any combination
thereof. For example, a switch configuration may include
one or more switch positions, a schedule for when to apply
each switch position, a schedule for when and how long to
pre-charge, a schedule of when and how long to perform a
measurement, any other suitable information for managing
a configuration of one or more switches. The at least one
switch may include, for example, one or more SPST
switches, one or more SPDT switches, any other suitable
switch (e.g., a DPDT switch), or a combination thereof. The
at least one switch may include a mechanical relay, a
solid-state relay, a contactor, a transistor, any other suitable
switching device that may be controlled, or any combination
thereof.

[0131] Step 1514 may include a battery management
module determining whether to change an existing switch
configuration of the at least one switch. In some embodi-
ments, the battery management module may store, log,
retrieve, or otherwise find available, the existing switch
configuration. In some embodiments, the battery manage-
ment module may compare the existing switch configuration
to the determined switch configuration to determine whether
any of the at least one switches will require a change of
switch position. For example, a switch configuration may be
stored as a vector of switch position values (e.g., an integer
corresponding to each available switch position), and the
battery management module may compare the determined
and existing switch configuration vectors to determine
whether any switch is to be changed (e.g., by subtracting the
vectors and identifying nonzero values). In a further
example, the battery management module may cycle
through a list of switches, checking the existing and deter-
mined switch configurations for a difference. If no change in
switch configuration is to be applied (e.g., the switches
remain in the existing configuration), the battery manage-
ment module may, for example, return to any of steps 1502,
1504, 1506, 1508, 1510, 1520, 1511, or 1512. As shown in
FIG. 15, for example, the battery management module may
return to step 1502.

[0132] In some embodiments, step 1514 may be optional,
combined with step 1512, or otherwise omitted. For
example, the battery management module may determine a
switch configuration and apply the switch configuration,
without determining if the determined switch configuration
is different from the existing switch configuration. In a
further example, the battery management module may deter-
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mine changes to an existing switch configuration at step
1512 (e.g., rather than determine a new switch configura-
tion), and then apply the changes at step 1516.

[0133] Step 1516 may include a battery management
module applying a switch configuration to the at least one
switch. For example, the battery management module may
apply the switch configuration determined at step 1512 to
the at least one switch. In some embodiments, the battery
management module may include control circuitry config-
ured to change one or more switch positions (e.g., apply a
switch configuration). In some embodiments, the battery
management module may change the position of two or
more switches at the same time, or at different times. In
some embodiments, the battery management module may
change the position of a subset of switches at the same time,
and another non-overlapping subset of switches at a different
time. For example, the battery management module may
apply a switch configuration to one or more load switches a
first time, one or more mode switches at a second time, and
one or more charging switches at a third time. In some
embodiments, the battery management module may apply a
pre-charge to at least one switch to reduce in-rush current
when applying the switch configuration. In some embodi-
ments, upon applying the switch configuration at step 1516,
the battery management module may return to any of steps
1502, 1504, 1506, 1508, 1510, 1520, or 1511. As shown in
FIG. 15, for example, the battery management module may
return to step 1502.

[0134] In an illustrative example, referencing process
1500 of FIG. 15, a battery management module may manage
low voltage charging or high voltage charging. A battery
charger may, for example, be connected to an electric
vehicle battery pack, having at least two battery modules
operating at nominally 450 V, via a cable with a SAE J1772
compliant connector having AC charging pins, DC charging
pins, a ground pin, a proximity pilot pin, and a control pilot
pin.

[0135] The battery management module may, for
example, determine that a battery charger is connected at
step 1502 by monitoring an impedance (e.g., a resistance) of
the proximity pilot pin. For example, the proximity pilot pin
may be coupled to a latch or clip, and assume a first value
when the connector is disconnected, a second value when
the connector is connected but the latch is pressed, and a
third value when the connector is connected and the latch is
closed (e.g., ready for charging). In some embodiments, at
step 1504 the battery management module receives a 1 kHz
square wave from the battery charge, ranging within +12 V.
The duty cycle of the square wave may correspond to a
maximum available current that the battery charger is
capable of providing. In some embodiments, the battery
charger information may also include a charging voltage that
is available, or may be selected for charging.

[0136] The battery management module, upon receiving a
signal (e.g., via a control pilot pin) from the battery charger,
may determine local battery characteristics such as, for
example, a voltage across positive and negative terminals
for each battery module. The battery management module
may retrieve local charging information such as, for
example, whether fast charging is desired. The battery
management module may determine whether a fault has
occurred at step 1510 (e.g., based on the voltage across each
battery module), and if not, determine a switch configura-
tion. If the battery charger is capable of providing high
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voltage, illustratively 900 V in this example, and no fault is
detected, the battery management module may determine a
switch configuration coupling two battery modules in series
and the vehicle electric load to the first battery module (e.g.,
similar to arrangement 400 of FIG. 4). The battery manage-
ment module may then apply the switch configuration to one
or more switches (e.g., to achieve arrangement 400 of FIG.
4) to begin charging.

[0137] While charging, the battery management may
repeat step 1506 and determine that the voltage across the
second battery module is greater than the voltage across the
first battery module. Accordingly, the battery management
module may, at step 1512, determine a switch configuration
that maintains the two battery modules connected in series,
but couples the electric load to the second battery module
(e.g., similar to arrangement 500 of FIG. 5). The battery
management module may then apply the switch configura-
tion to the at least one switch to achieve an arrangement
similar to arrangement 500, for example.

[0138] It is contemplated that the steps or descriptions of
FIG. 15 may be used with any other embodiments of this
disclosure. In addition, the steps and descriptions described
in relation to FIG. 15 may be done in alternative orders or
in parallel to further the purposes of this disclosure. For
example, each of these steps may be performed in any order
or in parallel or substantially simultaneously to reduce lag or
increase the speed of the system or method. Any of these
steps may also be skipped or omitted from the process.
Furthermore, it should be noted that any of the systems
discussed in relation to FIGS. 1-10 could be used, alone or
in concert, to perform one or more of the steps in FIG. 15.

[0139] The above-described embodiments of the present
disclosure are presented for purposes of illustration and not
of limitation, and the present disclosure is limited only by
the claims that follow. Additionally, it should be noted that
any of the devices or equipment discussed in relation to
FIGS. 1-10 could be used to perform one or more of the
steps in processes 1100-1500 in FIGS. 11-15, respectively.
Furthermore, it should be noted that the features and limi-
tations described in any one embodiment may be applied to
any other embodiment herein, and flowcharts or examples
relating to one embodiment may be combined with any other
embodiments in a suitable manner, done in different orders,
performed with addition steps, performed with omitted
steps, or done in parallel. For example, each of these steps
may be performed in any order or in parallel or substantially
simultaneously to reduce lag or increase the speed of the
system or method. In addition, the systems and methods
described herein may be performed in real time. It should
also be noted that the systems and/or methods described
above may be applied to, or used in accordance with, other
systems and/or methods.

[0140] The foregoing is merely illustrative of the prin-
ciples of this disclosure and various modifications may be
made by those skilled in the art without departing from the
scope of this disclosure. The above described embodiments
are presented for purposes of illustration and not of limita-
tion. The present disclosure also can take many forms other
than those explicitly described herein. Accordingly, it is
emphasized that this disclosure is not limited to the explic-
itly disclosed methods, systems, and apparatuses, but is
intended to include variations to and modifications thereof,
which are within the spirit of the following claims.
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What is claimed is:
1. A configurable battery system, comprising:
a first battery module having a positive terminal and a
negative terminal;
a second battery module having a positive terminal and a
negative terminal; and
at least one switch, wherein the at least one switch
comprises at least two poles and wherein:
in a high voltage configuration of the at least one
switch, the first battery module and the second
battery module are connected in series, and
in a low voltage configuration of the at least one switch,
the first battery module and the second battery mod-
ule are connected in parallel.
2. The configurable battery system of claim 1, wherein:
the at least one switch comprises a first single pole double
throw (SPDT) switch and second SPDT switch;
in the high voltage configuration, the first SPDT switch
and the second SPDT switch are each in a first switch
position, thereby connecting the positive terminal of
the first battery module to the negative terminal of the
second battery module; and
in the low voltage configuration:
the first SPDT switch is in a second switch position,
thereby connecting the negative terminal of the first
battery module to the negative terminal of the second
battery module; and
the second SPDT switch is in a second switch position,
thereby connecting the positive terminal of the first
battery module to the positive terminal of the second
battery module.
3. The configurable battery system of claim 1, wherein:
the at least one switch comprises two single pole single
throw (SPST) switches;
in the high voltage configuration:
a first of the two SPST switches is in an off position,
and
a second of the two SPST switches is in an on position,
thereby connecting the positive terminal of the first
battery module to the negative terminal of the second
battery module; and
in the low voltage configuration:
the first of the two SPST switches is in an on position,
thereby connecting the negative terminal of the first
battery module to the negative terminal of the second
battery module, and
the second of the two SPST switches is in an off
position.
4. The configurable battery system of claim 1, further
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a positive terminal of a device load is connected to the
positive terminal of the first battery module, and

a negative terminal of the device load is connected to
the negative terminal of the first battery module; and

when the at least one load switch is set to a second switch

position or positions:

the positive terminal of the device load is connected to
the positive terminal of the second battery module,
and

the negative terminal of the device load is connected to
the negative terminal of the first battery module.

7. The configurable battery system of claim 6, further
comprising control circuitry configured to, when in the high
voltage configuration, set the position of the at least one load
switch based on status information of at least one of the first
battery module and the second battery module.

8. The configurable battery system of claim 1, wherein:

the configurable battery charging system is configured for

use in an electric vehicle; and

in the high voltage configuration, the configurable battery

charging system is configured to receive a charging
voltage of 900 volts (V).

9. The configurable battery system of claim 8, wherein in
the charging configuration, the configurable battery charging
system is configured to provide a voltage of 450 V to
components of the electric vehicle.

10. The configurable battery system of claim 1, further
comprising a battery management module configured to
select between the low voltage configuration and the high
voltage configuration.

11. A method for managing battery charging of a first
battery module and a second battery module that are coupled
in series, comprising:

using at least one switch in a first switch configuration to

couple an electric load in parallel to the first battery
module during charging;

determining, using a battery management module, a first

battery characteristic of the first battery module during
charging;

determining, using a battery management module, a sec-

ond battery characteristic of the second battery module
during charging;
determining, using a battery management module, to
apply a second switch configuration to the at least one
switch based on the first battery characteristic and the
second battery characteristic, wherein the second
switch configuration couples the electric load in paral-
lel to the second battery module during charging; and

applying, using control circuitry, the second switch con-
figuration to the at least one switch.

comprising at least one charger switch configured to connect
and disconnect the first and second battery modules to a
charger.

5. The configurable battery system of claim 1, wherein in
the high voltage configuration:

a positive terminal of a device load is connected to the

positive terminal of the first battery module; and

a negative terminal of the device load is connected the

negative terminal of the first battery module.

6. The configurable battery system of claim 1, further
comprising at least one load switch comprising at least two
poles, wherein in the high voltage configuration:

when the at least one load switch is set to a first switch

position or positions:

12. The method of claim 11, wherein the first battery
characteristic comprises a first voltage across a positive
terminal and a negative terminal of the first battery module,
and wherein the second battery characteristic comprises a
second voltage across a positive terminal and a negative
terminal of the second battery module.

13. The method of claim 12, wherein determining to apply
the second switch configuration to the at least one switch
based on the first battery characteristic and the second
battery characteristic comprises determining a difference
between the first voltage and the second voltage.

14. The method of claim 11, wherein the first battery
characteristic comprises a first cumulative time of the first
battery module being coupled to the electric load, and
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wherein the second battery characteristic comprises a second
cumulative time of the second battery module being coupled
to the electric load.

15. The method of claim 14, wherein determining to apply
the second switch configuration to the at least one switch
based on the first battery characteristic and the second
battery characteristic comprises determining a difference
between the first cumulative time and the second cumulative
time.

16. The method of claim 11, further comprising deter-
mining local charging information, wherein the local charg-
ing information comprises a preference to charge at high
voltage.

17. The method of claim 16, further comprising deter-
mining to couple the first battery module and the second
battery module in series based at least in part on the local
charging information.

18. The method of claim 11, further comprising identify-
ing whether a fault has occurred in the first battery module
or the second battery module, wherein determining to apply
the second switch configuration to the at least one switch
based on the first battery characteristic and the second
battery characteristic is further based at least in part on
whether the fault has occurred.

19. The method of claim 11, wherein applying the second
load switch configuration to the at least one switch further
comprises applying a pre-charge configuration to the at least
one switch to reduce in-rush current.

20. The method of claim 11, further comprising deter-
mining an elapsed time since a previous change in a switch
configuration, wherein determining to apply the second
switch configuration to the at least one switch based on the
first battery characteristic and the second battery character-
istic is further based at least in part on the elapsed time.

21. A method for managing a fault in a battery system,
wherein the battery system comprises a plurality of battery
modules and at least one switch, the method comprising:

identifying, with control circuitry, a fault occurrence in a

battery module of the plurality of battery modules
while the at least one switch is in a first switch
configuration, wherein the at least one switch in the first
switch configuration couples the plurality of battery
modules in parallel with each other and with an electric
load;

determining a second switch configuration in response to

identifying the fault occurrence in the one battery
module; and

applying the second switch configuration to the at least

one switch, wherein the at least one switch in the
second switch configuration de-couples the battery
module having the fault occurrence from the electric
load and couples the remaining one or more of the
plurality of battery modules not having the fault occur-
rence to the electric load.
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22. The method of claim 21, wherein the fault occurrence
corresponds to an open circuit within the battery module.

23. The method of claim 21 wherein the fault occurrence
corresponds to a reduced charge capacity of the battery
module.

24. A method for managing battery charging of a battery
pack, wherein the battery pack comprises a first battery
module, a second battery module, and at least one switch,
wherein a first switch configuration of the at least one switch
couples the first battery module and the second battery
module in parallel, and wherein a second switch configura-
tion of the at least one switch couples the first battery
module and the second battery module in series, the method
comprising:

receiving, using control circuitry, capability information

from a battery charging system coupled to the battery
pack;

determining whether the battery charging system is

capable of fast charging based on the capability infor-
mation; and

applying, using the control circuitry, the second switch

configuration to the at least one switch to perform fast
charging in response to determining that the battery
charging system is capable of fast charging.

25. The method of claim 24, wherein the capability
information comprises a maximum charging current.

26. The method of claim 24, wherein the capability
information comprises a maximum charging voltage.

27. A method for managing battery charging of a battery
pack, comprising:

receiving, using control circuitry, charging system capa-

bility information from a charging system;

retrieving local charging information regarding the bat-

tery pack;

determining a switch configuration of at least one switch

to connect a first battery module and a second battery
module in either series or parallel, based at least in part
on the capability information and the local charging
information; and

applying the switch configuration to the at least one

switch.

28. The method of claim 27, wherein the battery pack is
part of an electric vehicle, and wherein the local charging
information comprises a location of the electric vehicle.

29. The method of claim 27, wherein receiving local
charging information regarding the battery pack comprises
receiving a user input indicating a desired charging mode.

30. The method of claim 27, wherein the charging system
capability information comprises a maximum charging volt-
age the charging system is capable of applying for charging.
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